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ABSTRACT

Actin is an abundant and essential cytoskeletal protein that plays a central role in eukaryotic
cell structure and motility. The intracellular environment where actin assembly occurs is crowded
with various organelles, proteins, and macromolecules that limit the accessible volume for
biomolecular reactions. Macromolecular crowding induces excluded volume effects influencing
the activity of biological molecules as well as the shape and conformation of proteins. Crowding
agents, such as polysaccharides or inert polymeric molecules, are used to mimic the conditions
present in intracellular spaces and provide a better understanding of interactions inside the cell.
Macromolecular crowding has been shown to affect actin filament assembly, however, how
crowder size impacts actin assembly dynamics and kinetics is not well understood. In this thesis,
we investigate how the excluded volume effects caused by crowding influences actin filament
assembly kinetics by using synthetic polymeric crowder, polyethylene glycol (PEG), of various
molecular weights. Using total internal reflection fluorescence (TIRF) microscopy, we directly
visualized the assembly of individual actin filaments in various sizes of PEG crowded conditions.
We quantified actin filament growth rates that depend on the size of crowder. Bulk fluorescence
intensity was monitored to evaluate the effect of crowder size on actin assembly kinetics. These
results demonstrate that the size of macromolecular crowding agents can modulate actin filament
assembly kinetics, possibly by controlling the volume fractions. This work provides a foundation
for a mechanism of how the dynamic cytoskeletal assembly occurs in living cells.
Keywords: Actin cytoskeleton, Macromolecular crowding, Assembly kinetics, Excluded volume
effects
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CHAPTER ONE: INTRODUCTION

This chapter aims to provide a fundamental understanding on the proteins and concepts in
this thesis. It will describe actin’s role in the cell, the effects of macromolecular crowding on
biological molecules in the cell, including macromolecular crowding effects on actin.

1.1 The Actin Cytoskeleton
The cytoskeleton is a vital feature of eukaryotes that is responsible for maintaining the
structural integrity of the cell. The cytoskeleton is the framework that allows the cell to interact
both physically and chemically with the external environment.1 Three different types of
biopolymers work in tandem to make up the cytoskeleton: microtubules, intermediate filaments,
and microfilaments. This thesis will focus on microfilaments, also referred to as actin filaments.
Actin is an essential protein that helps comprise the eukaryotic cytoskeleton. Actin is a
highly conserved gene, being relatively similar throughout a myriad of eukaryotic species.2-3 One
major reason for actin’s conservation is due to its pivotal role in a variety of biological functions.
Actin is necessary for maintaining the cell’s shape4, force generation which drives both cell
motility4-5 and phagocytosis6, signal transduction across the cell’s membrane7-8, proper axon
development during neuronal growth9, and muscle contractions.10-11 Actin’s ability to perform
these functions is reliant on its assembly into filamentous form. Studying actin’s assembly and
interactions with its environment will allow us to get a better understanding of how actin is able to
perform these vital biological processes.
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There are several disease states that are induced or effected by actin and the processes it is
involved in. Actin has been implicated in involvement with α-synuclein’s neurotoxicity. The actin
cytoskeleton’s reorganization by α-synuclein was shown to impair mitochondrial function12 and
hinder the creation of the autophagosome.13 Some diseases are caused by changes in actin’s
structure due to genetic mutations.14 Mutations in the ACTG1 gene can effect auditory hair cell
function which can lead to hearing impairment and progressive deafness.15-16 Hypertrophic
cardiomyopathy can also be caused by mutations in actin, characterized by changes in heart muscle
size and in some cases, abnormal heart beats and difficulty breathing which can be fatal.17-19
Diseases such as congenital fiber type disproportion and nemaline myopathy are both known to be
cause by mutations in the ACTA1 gene.20-21 These diseases can cause muscle weakness and can
impair muscle function in the upper body. Studies have shown that diseases associated with
ACTA1 gene mutations exhibit actin molecules that are improperly folded and have altered
polymerization kinetics.21-23 It is through proper regulation of actin assembly that the cell be able
to properly function. It is speculated that actin may be a useful pharmacological target to reduce
the efficacy of fatal diseases such as leukemia24 and metastatic cancer.25 Studies on how actin
interact and function in the intracellular environment are imperative for researchers investigating
actin related diseases.
1.1.1 Actin Assembly
Actin is a globular protein whose monomers can assemble into double-stranded helical
filaments under physiological ionic conditions. The globular form of actin is termed G-actin, and
the filamentous form is termed F-actin. The monomers are 42 kDa containing 375 residues that
are organized into 4 subdomains arranged into two sections (subdomains 1 - 2 and subdomains 3
- 4) separated by a nucleotide binding cleft in the middle.3, 5 Actin monomers have an asymmetrical
2

structure, where they create filaments that have a barbed end for monomer addition and a pointed
end where monomers disassociate.
The filament assembly process starts off with an actin nucleation phase, where formation
of a relatively unstable dimer or trimer of actin monomers creates a nucleus. Subsequent monomer
addition to four or more subunits produces a stable oligomer for filament elongation.3,

26-27

Elongation of actin filaments are more pronounced at the barbed end due to a higher association
rate.5, 28 Addition of monomers onto a filament usually requires actin to be bound with adenosine
triphosphate (ATP), which is quickly hydrolyzed into adenosine diphosphate plus an inorganic
phosphate (ADP + Pi) upon addition to the filament.5, 29 Eventually, the actin in the filament will
be bound with adenosine diphosphate (ADP) which will be more likely to disassociate from the
filament than ATP-bound actin.3, 5, 29 In addition to nucleotide hydrolysis, monovalent and divalent
cations are also required to drive actin polymerization. The presence of Mg2+ and K+ ions are
necessary for actin monomers to bind to the growing filament (Fig. 1).30-32
After filaments undergo an elongation phase of growth, they will eventually reach a steady
state phase where the G-actin in solution reaches a critical concentration (Cc) and is in equilibrium
with the F-actin in solution33. During steady-state, filament length stays constant due to monomer
association at the barbed end occurring at an equal rate as monomer dissociation at the pointed
end.33 This results in zero net change in the filament length. During polymerization, actin filaments
may undergo fragmentation and annealing, which will alter the resulting filament lengths.34-36
Intracellular factors will also work in tandem to regulate actin filament lengths to fit the task at
hand.37 Changing the filament lengths either intentionally, through actin severing, or
autonomously through buckling in response to stimuli to the cell, is important for cell motility38-39
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and regulating the mechanical properties of the actin cytoskeleton.40-44 Studying the interactions
actin filaments have with their environment and how they affect actin filament length will be
important for understanding these vital biological processes.
1.1.2 Effects of Intracellular Factors on Actin
Actin polymerization is influenced by proteins, ions, and other molecules present in the
cellular environment (Fig. 2). Actin binding proteins (ABPs) have varying functions that work
either in harmony or in contrast to one another to alter actin nucleation or elongation in the cell.45
Actin filaments interact with crosslinking proteins, such as fascin or alpha-actinin, to create higher
ordered structures such as bundles and networks, that can help connect the actin cytoskeleton to
the plasma membrane.3, 46-48 Certain ABPs function to sever actin, in the case of gelsolin and
cofilin.49-50 These severing proteins can decrease the filament length, alter actin conformation, and
cap the actin fragments preventing additional monomers from associating to the filament.51-53 Ions
in solution will also interact with actin filaments to induce bundling.47 Ions have been shown to
increase actin filament stiffness30, induce contraction of actin networks54, and filament bundling
through counterion condensation.47 Other studies have shown how actin can be disrupted
intracellularly due to changes in temperature or pressure.55-57 Rosin et. al. was able to show that
this is due to conformational changes in actin structure as a result of temperature and pressure
changes.58 The intracellular environment also contains various macromolecules, unrelated to actin,
that may influence actin’s interactions. Macromolecular crowding is another phenomenon that has
been shown to alter molecular interactions across a wide variety of proteins, including actin
dynamics, and is known to cause myriad effects. It is important to study and understand the
interactions that actin makes with various molecules in the environment because they are a
determining factor of how actin will behave in the cell.
4

1.2 Macromolecular Crowding
Macromolecular crowding is induced by the addition of large macromolecules in solution
which can generate forces that affect other solutes and the solution’s properties. Having large
macromolecules in solution will produce an excluded volume which will limit other molecules
from being able to move into a space, reducing the solution’s overall available volume.59
Macromolecular crowding can produce steric repulsions or deplete the volume between molecules
in solution.59 One reason for these effects is due to the system’s desire to reach equilibrium, where
introducing crowding limits the volume, and in response, certain molecules will self-associate to
reduce the amount of excluded volume.60 Researchers study the effects of macromolecular
crowding through mimicking the crowded environment with the help of crowding agents.
Crowding agents are molecules used to take up space and come in a variety of forms, like
carbohydrates, proteins, and synthetic polymers. The effects of macromolecular crowding have
been shown to alter molecular diffusion61, protein-protein interaction62-63, and reaction equilibria64
in solution, which can include influencing actin filament assembly. Numerous studies have
determined that macromolecular crowding can cause compaction or even expansion of proteins
that have intrinsically disordered regions.59, 65 Contrary to traditional biochemical tests performed
in dilute conditions, the cell interior volume is usually crowded by up to 40% with various
macromolecules such as proteins, nucleic acids, and polysaccharides (Fig. 3).66 The cellular
environment is considered crowded because it contains an amalgamation of different molecules
that take up space. The culmination of these various macromolecules can induce an excluded
volume effect and cause “soft” nonspecific interactions with surrounding molecules inside the
cell.61, 67

5

1.2.1 Crowding Effects on Proteins
Macromolecular crowding effects any of the molecules present in the crowded intracellular
space. Studies have shown that it alters protein shape, protein binding, enzymatic activity, and
various other protein-protein interactions.59 Macromolecular crowding effects have been
implicated in altering protein-DNA interactions68-69, increasing protein aggregation70-71, and
modulating complex cytoskeletal assemblies.72-74 Studies have shown that varying the size and
concentration of the crowding agent will change the magnitude of effects, so an optimal crowder
size would be necessary to produce the most stabilizing effects on the crowders used.75-79 The
effects of macromolecular crowding are wide and shown across a wide range of crowders and
biological molecules.
1.2.2 Effects of Crowding on Actin
Various biochemical studies have been performed to show how macromolecular crowding
impacts actin dynamics and assembly kinetics. Multiple studies have demonstrated how the
presence of crowders of various kinds can increase actin polymerization rates, decrease lag phase
(increase nucleation), and decrease actin’s Cc. A recent study by Casteneda et al, demonstrated
how crowding with PEG and sucrose can alter actin conformation and increase filament rigidity.80
Crowding with TMAO, a small biologically relevant osmolyte, was shown to prevent the
denaturing effects of urea on actin.81 It was also determined that macromolecular crowding can
inhibit changes to actin structure due to temperature and pressure.55 Depletion forces induced
through macromolecular crowding have been shown to crosslink actin into networks without the
need for crosslinking ABPs.82

6

In addition to affecting actin directly, macromolecular crowding can influence actin
indirectly though interactions with various factors or proteins that are associated with actin. A
recent study demonstrated that crowding increased the filament severing rate of the actin severing
protein, gelsolin.51 Macromolecular crowding has also been shown to affect actin’s interactions
with myosin, an actin binding protein necessary for membrane interactions and muscle
contractions. Actomyosin was shown to have undergone a conformational change which increased
ATP activity in crowded environments.83 However, another study showed that actin filament
sliding, mediated by myosin, was found to decrease while in PEG crowded conditions as they
increased PEG size.84 Extracellular macromolecular crowding is also an important factor to take
into consideration. Recent studies have shown that macromolecular crowding of the extracellular
environment can induce reorganization of the actin cytoskeleton.85-86

1.3 Hypothesis and Goal of this thesis
Macromolecules of different types have been shown to influence actin assembly. Previous
experiments have shown the changes to actin assembly and stability after crowding with various
types of crowder.51, 55, 61, 81, 87-88 Other studies have shown that crowded conditions of varying sizes
and volume fractions are able to alter protein stability.76, 89 However, it is not well known how the
size of the crowder alone will affect actin assembly kinetics and dynamics. We hypothesize that
increasing crowder size will enhance actin filament assembly due to changes in the excluded
volume. To test our hypothesis, we aim to model the intracellular environment using varying
weights of the inert polymeric crowding agent, PEG, to mimic the crowded conditions observed
inside the cell. This will allow us to measure how changes in crowder size can influence actin
assembly. We aim to determine the effects of varying crowder size on actin filaments in
7

equilibrium and actin undergoing the polymerization process. This will help provide insights on
actin’s assembly process in vivo.

8

Figure 1: Diagram of actin monomers polymerizing into an actin filament
Actin monomers can nucleate into a stable oligomer, with the aid of Mg2+and K+, as well as ATP
hydrolysis. After creation of the stable oligomer, more monomers can add onto both ends to
facilitate actin filament growth. After the system reaches equilibrium, actin monomers
preferentially associate onto the barbed end, while disassociating from the pointed end occurs at
an equal rate, resulting in a zero-net change in filament length.
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Figure 2: Effects of various environmental factors on actin assembly
Actin filaments inside the cell can be modulated by multiple intracellular environmental factors
including macromolecular crowding, cations, and actin crosslinking/bundling proteins.
Macromolecular crowding by other molecules in the cell can cause stiffening of the filaments as
well as induce bundling. Actin crosslinking proteins can induce bundle formation and create
networks of different sizes depending on the size of the crosslinker protein. Cations in solution can
induce bundling of actin filaments due to the difference in charge of negatively charged actin
filaments. This figure was adapted from Castaneda N, Park J and Kang E. H, Front. Phys. (2021).47
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Figure 3: Differences between in vitro conditions and the intracellular environment
(a) in vitro studies of proteins are performed in dilute buffer conditions versus (b) the crowded
environment inside the cell. The cell interior contains proteins, carbohydrates, nucleic acids, and
other macromolecules which contribute to a crowded environment that can alter the interactions
of the test protein. This figure was adapted from Shahid et al. BBA. (2017).
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CHAPTER TWO: MATERIALS AND METHODS

2.1 Protein and Sample Preparation
Actin protein was purified from rabbit skeletal muscle acetone powder purchased from PelFreeze Biologicals Inc. (Rogers, AR). Purified actin was then filtered through a size affinity
column packed with Sephacryl S-300 equilibrated with buffer A (2mM Tris-HCl pH 8.0, 1mM
NaN3, 0.2mM CaCl2, 0.2mM ATP, and 0.5mM DTT). A portion of the purified actin was labeled
with alexa-fluorophore 488 (as described in Kang, 2013). Rhodamine labeled G-actin powder was
purchased from Cytoskeleton Inc (Denver, CO). Rhodamine actin powder was reconstituted using
50 μL of Buffer A to produce a 0.4 mg/mL solution. Pyrene actin was purchased from Cytoskeleton
(Denver, CO). Pyrene actin was initially reconstituted with 50 μL of ddH2O. Then further diluted
to 1 mg/ml using Buffer A. Actin and pyrene labeled actin concentration were determined using
UV-vis spectroscopy as described (Pollard 1983).
Crowded stock solutions were prepared at 10-15% w/w PEGs MW 2000, 4000, 8000, and
20000 (26.31mM, 13.16mM, 6.58mM, and 2.63mM respectively). After PEG addition, buffer (A
or 1xKMI) was used to bring the weight up to the final solution weights of 10g - 12g. Fluorophore
labeled actin was mixed with unlabeled actin to desired concentrations, and crowded buffer was
added to crowded samples. Actin samples were subject to cation exchange of Ca2+ with Mg2+,
equal to the initial concentration of G-actin plus 10μM, and 0.2mM EGTA. The Mg2+-G-actin was
placed on ice for 5 minutes for the duration of cation exchange. Polymerization was then induced
by the addition of 1/10th the sample volume of 10x polymerization buffer (100 mM imidazole pH
7.0, 500 mM KCl, 20 mM MgCl2, 10mM ATP, 10mM DTT).
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2.2 Flow Cell Assembly
Glass cover slips were placed into glass cuvettes and sonicated in 1 M KOH/potassium
hydroxide at 60 °C for 45 minutes. After sonication the cover slips were rinsed with ddH2O.
Subsequent washes with the same parameters were performed in HCl and then 70% ethanol
solution. An 80% Ethanol solution with 1% HCl was prepared. mPEG-Silane MW 2000 and
Biotin-PEG-Silane MW 3400 were purchased (from Laysan Bio inc.). 1mg/mL solutions were
made for both mPEG-silane and Biotin-PEG-Silane using the 80% ethanol solution. The PEG
solutions were mixed at a ratio of 1:350 Biotin-PEG-Silane to mPEG-Silane. The cover slips were
incubated overnight/for 12-18 hours in the mixed Biotin-PEG-Silane:mPEG-Silane solution at 60
°C in a warm water bath. The coverslips were washed with warm ddH2O and dried using a nitrogen
stream. The cover slips were then carefully stored 4 °C in a dark container until use. Flow cells
were prepared before sample imaging by placing 2 strips of double-sided tape on the lengthwise
edges of the cover slips. A clean microscope slide was adhered perpendicular to the coverslips
(Fig. 4). A streptavidin solution (100 nM Streptavidin, 0.25 mg/mL BSA, in 1x KMI buffer),
adapted from Winterhoff et al90, was prepared and flowed through the flow cell. After 5-minute
incubation, the streptavidin solution was pulled through using capillary action via kimwipes,
immediately prior to addition of actin samples.
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2.3 TIRF Microscopy Imaging
2.3.1 Steady State Filament Imaging
Actin (1μM, 18-20% Alexa labeled) was allowed to polymerize for 2 hours at room
temperature. Imaging buffer (1 mM ATP, 0mM DTT 0.2 mg/mL glucose oxidase, 1mg/mL
catalase, and 15 mM glucose in 1x KMI buffer) was used to prevent photobleaching. Actin
filaments were immobilized onto clean glass cover slips by poly-L-lysine (Sigma-Aldrich, St.
Louis, MO, USA) for microscopy imaging (Fig. 4). Pictures of actin samples were taken using
Nikon Eclipse Ti TIRF microscope equipped with a Hamamatsu Orca-Flash 4.0 Digital Camera
C13440, a 100X oil immersion objective, and Nikon LU-N4 laser. Nikon imaging software was
used to image the actin and process the microscope images. The pixel size is determined by the
camera used and was necessary for subsequent Persistence analysis for filament length
determination. The pixel size for this setup was 0.07 μm/pixel.
2.3.2 Flow Cell Filament Imaging
Assembled flow cells were placed onto microscope where Mg2+-G-actin (1 μM 18-20%
alexa-labeled, 0.2-0.4% biotin labeled) was added immediately after streptavidin incubation and
removal. Actin polymerization was induced by 1/10 sample volume addition of polymerization
buffer into the flow cell. Nikon Imaging software was used to take time-lapse images every 1-2
seconds to measure the rate of actin filament growth over time.
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2.4 Image Analysis
Actin filament analysis was performed using Fiji, Persistence, and Origin softwares. TIRF images
were processed through Fiji to be uploaded by Persistence. Fiji adjusted the images through
background subtraction, enhanced contrast, gaussian blur, thresholding, and skeletonization of the
actin filaments. The original image and the skeletonized images were processed through
Persistence with the pixel size set to 0.07 μm/pixel. Filament ends were selected for unobstructed
filaments to be used for analysis. Filament lengths were determined from Persistence and analyzed
with Origin. Filament average lengths were plotted, and statistical analysis were performed using
One-way Anova and Tukey tests. Filament length distributions were plotted, and a Log normal
function (Eq. (1) was used to fit the data.

𝑥 2
))
𝑥𝑐
)
2𝑤2

−(𝑙𝑛(

𝑦 = 𝑦0 +

𝐴
√2𝜋∗𝑤∗𝑥

(

∗𝑒

(1)

2.5 Pyrene Assay
Actin (5 μM, 20% pyrene labeled) was prepared and added into well plates. Samples for
each condition were also prepared without actin as buffer controls. A Gemini XPS plate reader
was used with excitation at 365 nm, and emission detected at 407 nm to measure the changes in
pyrene actin fluorescence. Polymerization buffer was added at the same time for all conditions and
actin growth was measured across 2 hours. Pyrene fluorescence measurements were analyzed
using Origin software. The initial portion of the fluorescence graph where the actin polymerizes is
15

used where a linear fit is performed to determine the change in fluorescence over time. This change
in fluorescence is then used as a relative description actin’s polymerization rate.

2.6 Dynamic Light Scattering (DLS) Measurements and Excluded Volume calculations
Crowded buffer solutions were analyzed using a Zetasizer Nano ZS90 DLS system with a
633 nm laser and an avalanche photodiode detector (APD) to determine the hydrodynamic radius
of PEG in solution. The DLS system determined the photon count rate that was used as a measure
for the scattered light intensity at a scattering angle of 90°. The Zetasizer system included a builtin attenuator that would adjust the incident laser’s power to 4 mW for each sample. PEG size
analysis was performed using the Malvern DTS 5.10 software. Each sample had 3 DLS
measurements made with a run time of 60 seconds.
The hydrodynamic radius of PEG in each crowded buffer was found using DLS. The radius
of gyration could then be determined through the PEG specific relationship91 between Rh and Rg,
using Eq. (2)

𝑅𝑔 ≅

𝑅ℎ

(2)

0.67

After obtaining the Rg, it is used to calculate the excluded volume for each of the crowded buffers,
using Eq. (3)

4

𝑉𝑒𝑥𝑐𝑙 = 3 (𝑅𝑔 𝑁 )3 𝑛𝑐

(3)
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Where RgN is the radius of gyration of the crowder and nc is the number of crowders.
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Figure 4: Schematic representation of flow cell used to image actin assembly
Slides are functionalized with biotin-mPEG-silane to act as anchors for the polymerizing actin
filaments. mPEG-silane is also used to spread the anchors across the flow cell effective area. After
flow cell construction, streptavidin is flowed through the flow cell to bind to biotin-PEG. Biotinactin then be flowed through the flow cell and allowed to polymerize while binding to the
streptavidin bound biotin-PEG-silane, anchoring the polymerizing filaments to the slide.
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Figure 5: Schematic diagram of total internal reflection fluorescence (TIRF) microscope
setup for imaging actin samples
TIRF microscopy employs a laser that strikes and bounces off the microscope slide at a critical
angle. This creates an evanescent wave that excites a very thin region of the sample about a
hundred nanometers above the objective, limiting the amount of background fluorescence.
Illumination of just the portion of sample right above the objective creates a very high signal-tonoise ratio for clear actin imaging.

19

Figure 6: Actin assembly measured through pyrene fluorescence assay
Polymerization of actin containing pyrene labeled monomers allows measurements of actin
growth. Pyrene fluorophores are covalently attached to the cysteine 374 residue of the actin
monomers. As more pyrene labeled actin monomers are incorporated into filaments, the
fluorescence intensity will increase, allowing for the polymerization of actin filaments to be
monitored.
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CHAPTER THREE: RESULTS AND DISSCUSION

3.1 Crowder Size Affects Steady State Actin Filament Length
To determine how polymeric crowder size affects actin filament lengths at steady state, we
imaged fluorescently labeled actin filaments incubated in solutions containing varying molecular
weight PEG using TIRF microscopy. PEG of molecular weights ranging from 2,000 Da to 20,000
Da was chosen while keeping the weight percentage (5% w/w) consistent across all samples. We
observed that all crowded samples had an increased number of actin filaments with shorter lengths,
compared to control samples in dilute buffer conditions (Fig. 7A). We measured the steady state
average filament lengths in the presence of PEG. Average filament length decreases significantly
as PEG crowder size increased (Lavg,control = 8.58 ± 0.38 μm, Lavg,PEG 2k = 5.47 ± 0.19 μm, Lavg,PEG
4k

= 4.93 ± 0.20 μm, Lavg,PEG 8k = 4.21 ± 0.12 μm, Lavg,PEG 20k = 3.38 ± 0.09 μm) (Fig 7B). Length

distributions of the filaments in each condition showed an increased population of smaller
filaments as the PEG crowder size increased (Fig. 8). log normal equations (Eq. 1) plotted for each
sample show that crowded trial’s length distribution narrows and shifts towards the left as the
crowder size increases. These results indicate that actin filament lengths are modulated by the
presence of crowders in the buffer and is dependent on the crowder size.
The change in average filament lengths may be a result of the excluded volume effects
raised by macromolecular crowding. The extent of the excluded volume effects correlate to the
crowder size, where larger crowders produce more excluded volumes.76 This increasing excluded
volume will push the actin monomers into a smaller available volume leading to an increase in the
local actin concentration. This increased concentration would alter the critical concentration which
would result in a change in the reaction equilibrium. The system’s equilibrium shifts towards
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increased actin polymerization, which leads to increased amounts of actin filaments in each of the
crowded trials. However, keeping the concentration of actin consistent throughout each trial while
increasing the number of filaments would mean that the same amount of actin monomers is now
being distributed throughout more filaments. This would lead to a decrease in the length of some
filaments in the crowded systems.
The size and shape of PEG in solution have been well studied while varying their molecular
weights, solvent used, temperature, and solution viscosity.91-96 PEG of different sizes can exclude
varying amounts of volumes due to the changes in their radius of gyration. The radius of gyration
is a measure of the root mean distance between the elements in the molecule to the molecule’s core
and is used to determine the excluded volumes of molecules in solution.80, 91 Previous studies have
demonstrated how polymer solutions will produce a crowder size-dependent depletion layer
around any other molecules in solution.67, 77, 93, 97 Polymer induced depletion forces increase the
chance for interactions to occur as the proteins are forced closer to one another.77 PEG viscosity,
diffusion and size in solution are dependent on the concentration regime of the solution.93, 98 Lower
concentrations would produce solutions of dilute regimes and as the concentration increases, the
regime would move up to semi-dilute and finally, a concentrated regime. Polymers, such as PEG,
create a mesh in solution when the concentration reaches a critical point between the semi-dilute
and concentrated regime98-99. A molecule’s diffusion in a PEG crowded environment is similar to
if they were diffusing in pure solvent if the mesh’s pore size is large enough.61,

98-99

At the

experimental conditions used, our smaller PEG crowders may not have formed a mesh or may
have been close to creating a mesh whose pore size would be large enough for actin monomers to
freely diffuse through. However, the larger PEG crowders have longer chain lengths which may
have allowed them to create the mesh structure77. The different sizes of PEG used will have varying
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excluded volumes which will limit the amount of available volume in the resulting environment
for actin61, 81, 88, 100.
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Figure 7: PEG crowded actin filaments representative images and average filament lengths
(A) TIRF microscopy images of steady state actin (1μM, 20% alexa-labeled, 0.2-0.4%
biotinylated) polymerized for 2 hours in control, PEG 2k, PEG 4k, PEG 8k, and PEG 20k crowded
conditions. Buffers: 10mM imidazole, 50mM KCl, 2mM MgCl, 1mM ATP, 1mM DTT, and
crowded trials contain 5% w/w PEG 2k, 4k, 8k, or 20k. (Scale bar, 20 μm). (B) Box plots of
filament lengths in varying size PEG crowded conditions. Median values represented by the small
square in the middle of each box. (N = 448 - 788 filaments; n.s.: not significant, *: p < 0.05, ***:
p < 0.001).
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Figure 8: Filament length distributions of F-actin in PEG crowded environments
Distributions of steady state actin (1μM) filament lengths in control, PEG 2k, PEG 4k, PEG 8k,
and PEG 20k crowded conditions. Buffers: 10mM imidazole, 50mM KCl, 2mM MgCl, 1mM ATP,
1mM DTT, and crowded trials contain 5% w/w PEG 2k, PEG 4k, PEG 8k, or PEG 20k. Solid lines
represent best fits to the data using log normal equation. (N = 448 - 788 filaments).

25

3.2 Crowder Size Affects Actin Filament Assembly Kinetics
Actin cytoskeleton undergoes dynamic remodeling in response to intracellular
environmental factors including macromolecular crowding in vivo.37, 47, 55, 81-82 While our results
shown in the previous section 3.1 demonstrate how crowder size modulates actin filament lengths
at steady state (at equilibrium), those results have limitations in evaluating filament assembly
dynamics in real-time. To determine the effects that crowder size has on actin assembly kinetics,
we first directly monitored individual filament assembly in the presence of PEG with varying
molecular weights using TIRF microscopy (Fig. 9). We showed that all filaments in crowded
samples had larger elongation rates compared to control. Linear fit analysis of individual filament
growth showed a significant increase in the change in filament lengths over time as the crowder
size increased (ΔL/Δtcontrol = 12.1 ± 0.3 nm/sec, ΔL/ΔtPEG 2k = 22.9 ± 0.5 nm/sec, ΔL/ΔtPEG 4k = 25.6
± 0.7 nm/sec, ΔL/ΔtPEG 8k = 27.2 ± 1.0 nm/sec, ΔL/ΔtPEG 20k = 31.7 ± 1.0 nm/sec) (Fig. 10B).
Actin assembly kinetics have been traced by pyrene fluorescence assays to measure F-actin
polymerization in bulk. From fluorescence measurements we found that all crowded samples were
observed to have an increased growth rate for actin compared to control (Fig. 11A). The
fluorescence intensity measured during the elongation phase of actin growth was very similar
between each crowded condition, where all crowded trials are overlayed upon one another. Further
analysis was performed to find a linear fit for a portion of each sample’s elongation phase to
determine the actin polymerization rate of each condition. The average of 3-5 trials for each
condition was plotted and compared to one another (Fig. 11B). All PEG crowded trials show a
statistically significant increase in the growth rate of actin compared to control trials. However,
there was no significant difference between each of the crowded trials’ polymerization rate. These
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results indicate a difference in single filament assembly determined from TIRF imaging, compared
to bulk actin assembly analyzed by pyrene fluorescence.
While we observed greater changes in length as the crowder size increased from our single
filament studies, pyrene fluorescence analysis did not share those same results. This may be due
to differences in the actin concentration used for each technique. Previous work has shown that
pyrene fluorescence is related to the amount of actin monomers that are currently incorporated into
filaments101-102, which depends on the critical concentration of actin in the sample. As pyrenelabeled actin monomers attach to a growing filament, the pyrene fluorophore is moved from being
exposed to the solvent into a hydrophobic pocket between adjacent actin subunits, resulting in a
20 fold increase in pyrene’s fluorescence.103 The rate of actin polymerization and Cc are dependent
on the initial actin concentration.104-105 The changes in actin polymerization for each sample could
be due to the difference in initial actin concentration altering the Cc.
Comparing our steady state filament lengths with the actin filament assembly results, we
observed a contrasting trend of crowder size dependence. The average filament lengths decrease
for filaments in equilibrium as the PEG size increases, however, the filament elongation rate
increases as the PEG size increases. One factor that may play a part in this difference is the
timescales measured for the samples in each experiment. While images for filament assembly were
taken across the first 10-15 minutes of actin polymerization, steady state filaments were incubated
for 2 hours to ensure they were in equilibrium before they were imaged. The actin samples were
in different phases of growth which may contribute to why the larger crowders had faster filament
elongation but shorter average filament lengths while in equilibrium. Filaments in crowded
conditions are known to be more stable and stiffer than those in dilute buffer conditions.55, 80-81, 87
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The PEG crowding may have increased the stability of all the steady state filaments, allowing
shorter filaments to persist longer without spontaneously depolymerizing. Control samples were
also shown to have a smaller population of short filaments compared to the crowded samples (Fig.
7 and Fig. 8) further supporting PEG crowding’s ability to stabilize short filaments. Continuation
of time lapse imaging across the full 2 hours could provide a better understanding of why the
average filaments lengths decreased. This would involve decreasing actin concentration due to
creation of a dense actin network after ~20 minutes of polymerization at the concentration used in
our trials.
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Figure 9: Representative actin filament growth in varying size PEG crowded environments
(A) F-actin (1μM, 20% alexa-labeled) polymerizing in control, PEG 2k, PEG 4k, PEG 8k, and
PEG 20k crowded conditions with images from the start, 60 seconds, 120 seconds, 180 seconds,
and 240 seconds. Scale bar, 5μm. (B) Compiled image slices of F-actin (1μM) change in length
across 4 minutes while polymerizing in control, PEG 2k, PEG 4k, PEG 8k, and PEG 20k crowded
environments. Initial filament length occurs at the bottom left and grows in length as you move
across the image from left to right. Buffers: 10mM imidazole, 50mM KCl, 2mM MgCl, 1mM
ATP, 1mM DTT, and crowded trials contain 5% w/w PEG 2k, PEG 4k, PEG 8k, or PEG 20k.
Horizontal scale bar, 60 seconds; Vertical scale bar, 1.5μm.
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Figure 10: F-Actin elongation in varying size PEG crowded environments
(A) representative actin filament elongation rates for control, PEG 2k, PEG 4k, PEG 8k, and PEG
20k. (B) Box and whisker plot of the average filament elongation rates for control, PEG 2k, PEG
4k, PEG 8k, and PEG20k. Median values represented by the small square in the middle of each
box. Buffers: 10mM imidazole, 50mM KCl, 2mM MgCl, 1mM ATP, 1mM DTT, and crowded
trials contain 5% w/w PEG 2k, PEG 4k, PEG 8k, or PEG 20k (N = 14-17 filaments; n.s.: not
significant, ***: p < 0.001).
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Figure 11: Pyrene fluorescence assay of PEG crowded actin assembly
(A) Fluorescence intensity measurements of actin assembly (5μM, 20% pyrene-labeled) across 2
hours while polymerizing in control, PEG 2k, PEG 4k, PEG 8k, and PEG 20k crowded conditions.
Graph represents the average of 4-5 separate trials. (B) Actin growth rates derived from the linear
fits of the actin elongation phase plotted from pyrene fluorescence assays of actin polymerizing in
control, PEG 2k, 4k, 8k, and 20k crowded conditions (N = 3 - 5 trials; n.s.: not significant, *: p <
0.05, **: p < 0.01).
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3.3 Comparison of PEG Crowder Size in Solution
Macromolecular crowding can induce excluded volume fractions that correlate to the size
of the crowding molecule76. DLS measurements were made for each PEG buffer to measure the
hydrodynamic radius (Rh) of each PEG size (Table 1). A PEG specific size relation (Eq. 2) used
the crowders’ Rh to determine the radius of gyration (Rg) for each individual PEG (Fig. 12A, Table
2). The Rg of PEG was observed to significantly increase when comparing the smaller PEG
crowders (PEG 2k and 4k) to both of the larger PEG crowder sizes (PEG 8k and 20k). Using the
Rg for each crowder, the excluded volume was calculated for a single molecule of each PEG size
(Fig. 12B). The excluded volume increased significantly as the PEG size increased. Our theoretical
calculations support our experimental results to show how increases in PEG crowder size may
affect actin’s assembly kinetics by decreasing the available volume. Previous in silico studies
demonstrate that an optimally sized crowder will maximize polymer dynamics106-108, specifically
when the crowder size matches the size of a monomer from the polymer tested. Actin subunits
have an Rg of 2 nm27, which would be closest to our results for PEG 4k (Table 2). However, due
to actin filaments polymerizing as a double-stranded helix, they are around 10nm in diameter109110

. Using the size of the filament, the diameter across is the culmination of 2 actin subunits (Rg ~

5 nm), which would be closest to our results for PEG 20k (Table 2).
There can be various factors that may be limited by our experimental setup. We used the
same PEG mass percentage for our crowded stock buffers (5% w/w), but the change in PEG’s
molecular weight result in these buffers to be at varying concentrations. The Rg of polymeric
crowder’s are known to change depending on the polymer concentration111-112. This difference in
PEG concentration would also result in changes in the calculated excluded volumes for each PEG
crowder. Further experiments could be performed to determine if keeping the concentration
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consistent will produce any changes in actin assembly kinetics as the PEG size increases. Biotin
and pyrene labeling have both been shown to act similar to native G-actin and not hinder actin
dynamics.101, 113 For pyrene fluorescence assays, the actin concentration is one of the determining
factors for the system’s equilibrium and the actin’s critical concentration.101, 114 Varying the actin
or PEG crowder concentration to see the effect across a wider range of values might provide a
deeper insight into the effects of crowder size on actin assembly.
Another limitation is in the DLS measurements of PEG buffers. Most DLS studies of PEG
in solution is performed in pure water or other solvents, compared to our buffers containing
physiological relevant ions necessary for proper actin function. Studies have shown that salts can
alter PEG conformation and size exclusion in solution.96, 115-116 Static interactions between the ions
and PEG may modulate the PEG’s apparent size for hydrodynamic size measurements. The
viscosity of the PEG solution will also play a role in how accurate the measurements can be made
using DLS.92 We used the viscosity of the ddH2O the PEG crowders were dissolved in (Castaneda
paper used 8k, or other reference). Altering the viscosity parameters for DLS measurements can
lead to skewed Rh values to be larger than expected. Viscometry measurements could be performed
to get accurate solution viscosity values to compare to the ones used in this study. However, our
Rh and Rg values were similar to those reported in previous studies (Table 1, Table 2), suggesting
that the viscosity may have been similar enough to expected values. These limitations may be out
of the scope of this thesis, but additional work will be done to mend any problems that we can
address.
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Table 1: Hydrodynamic radius (Rh) values of PEG in solution
PEG Mw

This work

Literature93, 111

PEG 2k

1.44 nm

1.11 nm

PEG 4k

1.52 nm

1.65 - 2.0 nm

PEG 8k

2.31 nm

2.46 nm

PEG 20k

3.37 nm

3.45 - 4.14 nm
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Table 2: Radius of Gyration (Rg) values of PEG in solution
PEG Mw

This Work

Literature84, 93, 97, 111, 117

PEG 2k

2.14 nm

1.64 - 1.81 nm

PEG 4k

2.26 nm

2.41 - 3.1 nm

PEG 8k

3.44 nm

3.62 - 4.06 nm

PEG 20k

5.03 nm

4.4 - 6.92 nm
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Figure 12: PEG crowders size measurements and excluded volumes in solution
(A) The radius of gyration (Rg) of PEG 2k, 4k, 8k, and 20k determined using the hydrodynamic
radius (Rh) obtained from DLS results and Eq. 2 for each crowded condition. (B) Excluded
volumes for a single molecule of each PEG crowder calculated using their respective Rg and Eq.
3. (n.s.: not significant, *: p < 0.05, **: p < 0.01).
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CHAPTER FOUR: CONCLUSIONS

Research on the interactions of proteins in crowded conditions is necessary to
understanding how proteins interact in the intracellular environment. The conclusion that can be
derived from our results is that polymeric crowders of different sizes can affect actin filaments and
their assembly. Other research has shown that different types of crowding agents can influence
actin dynamics, but those results were obtained using varying types of polymers, polysaccharides,
and proteins that exist in a wide range of sizes. Our results show that while using the same polymer,
PEG, while varying the size results in a size dependent decrease in average filament length. We
demonstrate that individual actin filaments have increased elongation rates as crowder size
increases. Bulk actin fluorescence assays show that crowding increases actin polymerization rates,
but to similar extents as we varied the crowder size. Further experiments and calculations were
performed to determine how much volume was excluded for each PEG size and we observed that
increasing the PEG size also led to an increase in excluded volume. Overall, we show that use of
polymeric crowding agents of varying sizes enhance actin filament assembly as we increase the
crowder size.
Macromolecular crowding plays a pivotal role in molecular interactions in the cell. In vitro
and in silico biochemical and biophysical tests that study the effects of macromolecular crowders
are needed to deepen our understanding of protein interactions inside the cell. Through this study,
we quantitatively see how crowding agents of varying sizes alter actin assembly kinetics and the
resulting steady state filaments. Further research can be performed to observe the impact crowder
size will have on actin filament thermal fluctuations. Implementing crowding agents that are
branched compared to linear polymers may help elucidate how crowder shape and size impact
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actin assembly. Future experiments can also explore how mixing different sizes of macromolecular
crowders at varying ratios will influence actin’s interactions in the crowded intracellular milieu.
Studies where the type, size, shape, and concentration of crowding agents are varied will help build
a better crowded environment that more accurately models the physiological conditions observed
in vivo. After studying the effects of macromolecular crowders solely, additional studies performed
with macromolecular crowding in conjunction with ABPs, ions, and other intracellular factors will
help provide insight into the bigger picture of in vivo cytoskeletal regulation.
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Supplemental Table 1: Log-normal fitting parameter values for filament length
distributions

Log-normal

Offset (y0)

Center (xc)

fitting sample

Log standard

Area (a)

deviation (w)

Control

1.04

2.71

0.80

28.40

PEG 2k

0.71

2.56

0.62

31.20

PEG 4k

0.78

2.38

0.60

33.62

PEG 8k

0.23

3.14

0.54

45.16

PEG 20k

0.24

2.47

0.53

44.98
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Supplemental Figure 1: Time-lapse imaging of PEG crowded actin filament assembly
F-actin (1μM, 20% alexa-labeled) polymerizing in control, PEG 2k, PEG 4k, PEG 8k, and PEG
20k crowded conditions with images from the start, 1 minute, 5 minutes and 10 minutes. Scale
bar, 20 μm
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